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As new  substrate  materials  to  replace  a conventional  carbon  substrate,  TiO2 and  Nb-doped  TiO2 air-
electrodes  for Li-air  batteries  were  investigated.  Through  a simple  two-step  process,  we successfully
synthesized  anatase  Nb-doped  TiO2 nanoparticles  and  demonstrated  the  potential  applicability  of  TiO2-
based  materials  for  use  in  Li-air  battery  electrode.  An  air-electrode  with  Nb-doped  TiO2 nanoparticles
could  deliver  a higher  discharge  capacity  than  a  bare  TiO2 electrode  due  to the enhanced  conductivity,eywords:
i-air battery
iO2
b@TiO2
ir-electrode
which  implies  the importance  of facile  electron  transport  during  the  discharge  process.
©  2014 The  Ceramic  Society  of  Japan  and  the Korean  Ceramic  Society.  Production  and  hosting  by
Elsevier  B.V.  All  rights  reserved.onductivity
. Introduction
As a next-generation battery alternative to conventional Li-ion
atteries, Li–O2 batteries have attracted considerable attention due
o their considerably high energy density of ∼3500 Wh  kg−1, which
s much greater than that of conventional batteries [1,2]. The elec-
rochemical reaction mechanism between Li ion and O2 is quite
imple (Li+ + O2 + e− ⇔ Li2O2, 2.96 V) [1,3]; however, the reaction
equires a conductive air-electrode with a large surface area to
ccommodate the non-conductive solid discharge products (Li2O2,
ithium peroxide). Since the ﬁrst Li-air batteries were reported
4], many researchers have used porous carbon substrates such
s Super P, Ketjen black, and CNTs [5,6] as an air-electrode due
o their relatively high surface area and good conductivity. How-
ver, it was recently demonstrated that a reactive carbon surface
s easily deteriorated with the reaction of the discharge products,
orming Li2CO3 as a byproduct [7,8]. To avoid carbon contamina-
ion, recent studies by Ottakam Thotiyl et al. [9] found TiC as a new
ype of air-electrode that can function stably without deterioration.
hey reported that a stable surface of TiC can reduce the side reac-
ions and demonstrated the reversible formation/decomposition of
i2O2 during cycles. However, the discharge capacity using TiC air-
lectrode is relatively low and the detailed origin of the surface∗ Corresponding author. Tel.: +82 2 880 7088; fax: +82 2 880 8197.
E-mail address: matlgen1@snu.ac.kr (K. Kang).
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ttp://dx.doi.org/10.1016/j.jascer.2014.11.001stability of TiC is still debating. The studies of Li-air battery using
other air-electrode materials except carbon are largely unexplored.
TiO2 is one of the most broadly studied metal oxides in the ﬁeld
of energy conversion and storage due to its superior physicochemi-
cal properties, excellent stability and low cost for synthesis [10,11].
Among these superior properties, its stability in a corrosive envi-
ronment could make it potentially applicable to Li-air batteries.
Recently, Zhao et al. [12] investigated anodized TiO2 nanotubes
as an electrode substrate of Li-air batteries. A stable TiO2 surface
could reduce the side reactions between the electrolyte and the
air-electrode.
In this study, we  design a nanoporous air-electrode using syn-
thesized nano-TiO2 particles for Li-air cells without any carbon
additives. Furthermore, we tuned the conductivity of the TiO2 elec-
trode by doping it with niobium (Nb) ions. Through comparative
studies of different conductive air cathodes based on TiO2, we
discuss the importance of air-electrode conductivity and the chal-
lenges associated with TiO2-based electrode for Li-air batteries.
2. Experimental
Synthesis of the TiO2 and Nb@TiO2 nanoparticles: Before the syn-
thesis, a highly reactive niobium ethoxide (Nb(OEt)5, 99.999%, Alfa
Aesar) solution was  stored under the condition of a 0.5 M-diluted
solution in pure ethanol. The stock solution of Ti4+ ion was  pre-
pared by mixing titanium isopropoxide (TTIP, 97%, Sigma–Aldrich)
and triethanolamine (TEOA, 98%, Sigma–Aldrich) at a molar ratio
of TTIP:TEOA = 1:2, followed by an addition of distilled water after
overnight aging. To prepare the stock solution of Nb@TiO2 NPs, a
0.5 M Nb(OEt)5 solution was  added stoichiometrically, which was
tion and hosting by Elsevier B.V. All rights reserved.
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aFig. 1. Schematic illustration of the 
 at.% in this study. After the preparation of the stock solution, all
ynthesis procedures were identical to both bare TiO2 or Nb@TiO2
anoparticles. The pH of the prepared stock solution (9.6–9.8) was
djusted to ∼8.5 using HClO4 (0.1 M in glacial acetic acid, Fluka),
hich was transferred to an electric oven and aged at 100 ◦C for
4 h. Next, the gel-type product of the ﬁrst aging process was  trans-
erred to a Teﬂon-lined autoclave and aged at 140 ◦C for 24 h in the
ame electric oven. The resulting particles were separated from the
ol and washed with NaOH, HNO3, and distilled water to remove
ny residual organic compounds remaining on the surfaces of the
anoparticles.
Air-electrode fabrication and cell assembly: The prepared TiO2 and
b@TiO2 particles and a binder (Kynar 2801) were dispersed in
-methyl-2-pyrrolidone (NMP, Sigma–Aldrich, 99.5%). This mix-
ure was then cast onto a Ni mesh current collector. Lithium
etal (3/8 in. diameter) and one sheet of glass ﬁber (Whatman
F/D microﬁber ﬁlter paper; 2.7 m pore size) were used for the
node and the separator, respectively. Li metal, the separator, and
he prepared air-electrode were stacked into a Swagelok-type Li-
ir cell in sequence. The electrolyte was made up of 1 M lithium
is(triﬂuoromethane)sulfonamide (LiTFSI) in tetraethylene glycol
imethylether (TEGDME).
Conditions for the electrochemical test and sample charac-
erization: All electrochemical tests were carried out using a
otentio-galvanostat (WonA Tech, WBCS 3000, Korea) in a pure
xygen atmosphere (770 Torr). A ﬁeld-emission scanning electron
icroscope (FE-SEM, Philips, XL 30 FEG, Eindhoven, Netherlands)
nd an X-ray diffractometer (XRD, Rigaku, D/MAX-RB diffractome-
er, Tokyo, Japan) equipped with Cu K radiation were used for the
ample characterization.
. Results and discussion
Nb-doped anatase TiO2 (Nb@TiO2) nanoparticles (NPs) were
ynthesized by a modiﬁed two-step sol–gel method [13,14]. The
verall fabrication procedure of the Nb@TiO2 NPs is schematically
resented in Fig. 1. The doping process simply involved the adding
f an alkoxide source of Nb5+ stoichiometrically (9 at.% in this study)
o the Ti4+ stock solution. The fabrication procedure of the Nb@TiO2
Ps is composed of several stages. First, a stock solution of a stoi-
hiometric mixture of Ti4+ and Nb5+ ion is prepared by adding H2O
o a mixture of TTIP, Nb(OEt)5, and TEOA (Stage 1) aged for 12 h. The
EOA in the stock solution serves as a stabilizer for the ions against
ydrolysis [15]. After the pH of the stock solution was set to ∼8.5
y adding HClO4 (Stage 2), the ﬁrst aging was carried at 100 ◦C for
4 h (Stage 3). This aging process resulted in a viscous gel composed
f a network of Ti–OH and Nb–OH bonds. The gel was  transported
nto a Teﬂon-lined autoclave, which was maintained at 140 ◦C for
4 h to obtain the nanocrystalline Nb@TiO2 NPs (Stage 4) without
 further high-temperature calcination process.sis procedure of TiO2 and Nb@TiO2.
Fig. 2 shows the synthesized TiO2 and Nb@TiO2 particles under
low and high magniﬁcation. TiO2 nanoparticles with diameters of
20–30 nm were found to be well synthesized. Even after Nb doping,
the overall morphology remains similar to the original state, as
shown in Fig. 2. To investigate the phase of the synthesized TiO2
and the atomic composition of the dopant ion, we  further charac-
terized the synthesized particles using XRD and energy-dispersive
X-ray spectroscopy (EDS) analyses.
The XRD patterns in Fig. 3a are well matched with the TiO2
anatase phase, indicating that pure anatase TiO2 particles were syn-
thesized without any impurities or second phases. Even after the Nb
ions were doped, the overall anatase phase remained unchanged,
while all of the major peaks shifted slightly toward a lower angle.
It is known that the ionic radius of Nb5+ (0.64 A˚) is larger than that
of Ti4+ (0.605 A˚) [16], thus incorporating Nb5+ in TiO2 framework
would expand the lattice of TiO2. These results also indicate that
the Nb ions are well doped in an original TiO2 phase without major
structural changes. A SEM-EDS analysis also conﬁrmed the Nb5+
substitution into the TiO2 NPs. These results are shown in Fig. 4. In
a typical EDS spectrum (Fig. 4a), Ti K1 peaks at ∼4.5 and ∼4.9 keV
and Nb L1 peaks at ∼2.2 keV are observed, indicating the presence
of Nb element in the TiO2 NPs. A quantitative elemental analy-
sis (the inset table in Fig. 4a) demonstrates that 9 at.% of Nb5+ is
substituted. It is noted that we  targeted 9 at.% of the Nb dopant
using Nb(OEt)5, which is the source of the Nb5+ in the synthesis. To
investigate the uniformity of the Nb5+ distribution, an elemental
mapping analysis was  conducted with EDS, as shown in Fig. 4b–d.
From the analysis results, Nb5+ was detected at nearly the same
region where Ti4+ is located in NPs without segregation. On the
other hand, bare TiO2 NPs showed no Nb5+ content (data not shown
here).
The electrochemical properties of the synthesized TiO2 and
Nb@TiO2 NPs were compared at different current rates, as shown
in Fig. 5. The discharge capacity is clearly increased when using
Nb@TiO2 compared to a pure TiO2 electrode regardless of the
current rate. While the discharge capacities of the TiO2 are approx-
imately 13 and 34 mAh  g−1 (calculated based on the TiO2 weight)
at current rates of 0.02 and 0.1 mA/cm2, the Nb@TiO2 electrode
could deliver discharge capacities of 105 and 198 mAh  g−1, respec-
tively. The absolute values of the discharge capacities are relatively
small compared to those of conventional carbon materials because
total weight of the TiO2 or Nb@TiO2 is heavier than carbon. It is
noted that the ZnO NPs (<100 nm), similarly conductive substrate
material, had a minuscule discharge capacity (∼0.21 mAh  g−1),
which indicates that TiO2 promotes the Li2O2 formation during
discharge. Also, notable is that the simple doping of Nb ions could
greatly enhance the discharge capacity. The enhanced discharge
capacity derives from the increased electroconductivity of the
Nb@TiO2 electrode. In several previous studies, it was  found that
Nb-doped TiO2 (Nb@TiO2) showed increased electron conductivity
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f nearly several orders of magnitude when it forms a nanopar-
icle or thin ﬁlm [17,18]. Speciﬁcally, in earlier measurements of
he conductivity after doping Nb5+ ions into TiO2 [18], an improve-
ent of several orders of magnitude in the electroconductivity was
bserved.
The morphologies of reaction products after the discharge were
bserved. Fig. 6a and b shows the as-prepared air electrode com-
osed of Nb@TiO2. After discharge, almost all Nb@TiO2 particles
re covered with discharge products as shown in Fig. 6c and d. The
ischarge products have no speciﬁc morphology and it is dispersed
n overall Nb@TiO2 particles. Additionally, we  conducted XPS to
losely investigate reaction products and by-products (Fig. 7). As
hown in XPS spectra of Li 1s and O 1s, the major discharge product
f Li2O2 is demonstrated, which is well matched with the previous
esults [19,20]. However, some amount of by-products (Li2CO3 and
i alkyl carbonates) is still formed even when we used the carbon-
ree electrode as shown in XPS spectra of C 1s. It can be derived
rom the electrolyte instability and decomposition, which is also
ig. 3. (a) XRD patterns of TiO2 and Nb@TiO2 particles. The TiO2 reference is from JCPD
ectangular box in a). TiO2 and (c and d) Nb@TiO2 particles under low and high magniﬁcation.
in accordance with the report using carbon-free electrode [20]. We
believe that studies for electrolyte stability must be developed in
future Li–O2 batteries.
For a clear investigation of how the conductivity of air-
electrodes could affect the discharge capacity, we  also examined
the correlation between the electroconductivity of the TiO2 and
its air-electrode performance. First, the TiO2 air-electrodes were
coated with Pt by means of DC sputtering (BAL-TEC, SCD 005).
We controlled the sputtering time and the current to control the
amount of coated Pt. Two  different TiO2 air-electrodes were pre-
pared with different thicknesses of the Pt ﬁlm (5 and 10 nm) in
comparison with Nb@TiO2, as shown in Fig. 8. As the amount of Pt
increased, the discharge capacities also increased (blue and black
lines) compared to the pure TiO2 electrode (orange line). However,
it was  noted that Nb doped at 9% onto TiO2 could still deliver higher
discharge capacity, indicating that the simple two-step doping of
Nb is a promising strategy when used to enhance the discharge
capacity of Li-air batteries.
S Card No. 65-5714. (b) A magniﬁed image between 22◦ and 28◦ (of the dotted
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Fig. 4. Summary of SEM-EDS analysis results of Nb@TiO2 NPs: (a) EDS spectrum of
Nb@TiO2 NPs. Cr coating for a conductive surface of a specimen in the SEM analysis
causing the detection of the Cr element. The inset table shows the compositional
ratio of Nb to Ti in the Nb@TiO2 NPs not considering other elements, such as O, C
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Fig. 5. Discharge proﬁles of TiO2 and Nb@TiO2 air-electrodes for Li-air batteries atnd Cr. (b)–(d) EDS mapping result from (b) a SEM image showing the distribution
f  (c) Ti and (d) Nb in a mass of Nb@TiO2 NPs. The black substrate underneath the
b@TiO2 NPs is carbon tape, which was used to ﬁx the specimen.
The relationship between electrode conductivity and discharge
apacity is summarized in Fig. 9. We  conducted the measurement
f resistivity of each sample (TiO2, Nb@TiO2, Pt-coated TiO2). Each
ample is subjected to the typical DC electric ﬁeld to measure the
orresponding ﬂowing current. Resistivity of each sample was cal-
ulated considering voltage, current and geometric information of
ellets. As we expected, Nb-doped TiO2 showed much lower resis-
ivity (or higher conductivity) than that of bare TiO2. It is because
f the effect of doping Nb5+ ions into TiO2. The discharge capacity
f Nb@TiO2 is much higher than that of bare TiO2 potentially due to
Fig. 6. SEM images of Nb@TiO2 air electrodes (a and b)different current rates of 0.1 and 0.02 mA/cm2.
the enhanced conductivity. However, it is noted that the Pt-coated
TiO2 samples show higher conductivities than Nb-doped TiO2 even
though they deliver lower discharge capacities than Nb-doped TiO2.
It strongly suggests that the discharge capacity cannot be simply
correlated with the apparent electrical conductivity. This can be
explained in a microscopic point of view. By using DC sputtering,
the conductive Pt nano-particles are deposited on the surface of
TiO2 powder, which enhances overall conductivity of the electrode.
However, this treatment cannot cover all the active sites for the for-
mation of discharge products. On the other hands, Nb-doping can
increase the conductivity of the entire region of TiO2 by homoge-
neous incorporation of Nb into not only surface but also inner bulk
of TiO2 nanoparticles, which is already conﬁrmed by the SEM-EDS
analysis. In this respect, we believe that the enhancement of con-
ductivity by doping ions can be a more effective method beyond
conventional solid catalyst.
 before and (c and d) after the discharge to 1.8 V.
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Fig. 7. XPS spectra of Li, O, C 1s for the Nb
Fig. 8. Comparison of the discharge proﬁles of the TiO2, Pt-coated TiO2 and Nb@TiO2
air-electrodes at a current rate of 0.02 mA/cm2. (For interpretation of the references
to color in this ﬁgure citation, the reader is referred to the web version of this article.)
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Fattakhova-Rohlﬁng and T. Bein, ACS Nano, 4, 5373–5381 (2010).ig. 9. Powder resistivity and discharge capacity (at current rate of 0.02 mA/cm2)
hen applied to air-electrodes of bare TiO2, Nb-doped TiO2 (Nb@TiO2), and TiO2
oated by Pt of 5 and 10 nm thickness.
While the use of TiO2-based air-electrode must still be improved
n terms of the discharge capacity, the study shows that the tuning
f the electrode conductivity of the air-electrode material is critical
n the enhancement of electrochemical activity.. Conclusion
In this study, we demonstrated the potential applicability
f the TiO2 nanoparticles as a new substrate material for an
[
[@TiO2 electrode after full discharge.
air-electrode. While the bare TiO2 could deliver relatively small
discharge capacity, the Nb-doped TiO2 air-electrode showed a
signiﬁcant enhancement due to the increased electrical con-
ductivity, which implies that the electrical conductivity of the
air-electrode is of prime importance in achieving high energy
density.
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